Raccoons (Procyon lotor) are successful urban adapters and hosts to a number of zoonotic and non-zoonotic pathogens, 20 yet little is known about their hemoplasma infections and how prevalence differs across habitat types. This study identifies 21
INTRODUCTION 52
Urbanization is a strong ecological driver that causes significant changes in the composition of wildlife communities 53 and in various intra-and inter-species interactions (1) . Ecological responses to urbanization can lead to changes in the 54 dynamics of wildlife-parasite interactions and in patterns of pathogen transmission through mechanisms such as loss of 55 species diversity, changes in vector abundance, and increased exposure to invasive species and their pathogens (2). 56
Urban-adapted wildlife frequently share anthropogenic food sources with other species and can live in close proximity to 57 other wild and feral/domestic animals (3). Resource use overlap in urbanized environments can increase direct and indirect 58 contact within species and facilitate cross-species transmission of pathogens between wildlife and animals such as feral 59 cats, while providing opportunities for pathogens to adapt to novel host species and expand their host range (2, 4, 5) . In 60 addition, smaller home range sizes, increased aggregation, and high population densities of some wild animals in urban 61 areas (3) can further increase opportunities for contact between species and potentially increase cross-species pathogen 62
transmission. 63
The raccoon (Procyon lotor) is well-known for its adaptability to urbanized habitats and active interaction with 64 domestic animals such as cats and dogs (6). In urbanized habitats, raccoons and feral cats (Felis catus) are often highly 65 abundant, frequently foraging in close proximity to one another on clumped anthropogenic food sources (e.g. garbage, 66 intentional feeding). Raccoons also harbor diverse pathogens shared with or transmitted to other domestic and/or wild 67 animals, such as canine distemper, parvovirus, rabies, and Leptospira (6). Here, we use raccoons from urban and 68 undisturbed environments and urban feral cats as a study system to compare and investigate hemotropic Mycoplasma 69 species (so-called genotypes here) composition, richness, coinfection patterns, and potential cross-species transmission. 70 Hemoplasmas (the common name for hemotropic Mycoplasma species) are facultative intracellular erythrocytic 71 parasites without cell walls comprising a group of non-cultivable Mycoplasma species, including organisms formally known 72
as Haemobartonella and Eperythrozoon species, and reclassified as Mycoplasma species based on phylogenetic analysis 73 of their 16S rRNA gene sequences and deeper studies on cell morphologic properties (7-11). Hemoplasmas are causative 74
Page 7 of 26 (genotypes 2-4, 6) detected in raccoons demonstrated lower levels of genetic similarity (≤86-96%) among these genotypes 126 and to other known hemoplasma species (Table 1 and Table S2) . 127
Raccoon hemoplasma genotypes 1 and 5 were amplified from independent raccoon blood samples using the 128 primers designed to amplify the full-length 16S rRNA gene of M. haemocanis/M. haemofelis. Genotype 5 (GenBank 129 accession reference number KF743706) had only 96-97% nucleotide sequence identity with M. haemocanis/M. haemofelis 130 and genotype 1, whereas, genotype 1 (GenBank accession reference number KF743705) had 99% nucleotide similarity to 131 (Table 1 and Table S2 ). When amplification from the rpoB and gyrB genes was attempted on 132 all the raccoon samples positive for these two M. haemocanis/M. haemofelis-like hemoplasma genotypes (see Table S1 ; 133 rpoB-PCR-A, rpoB-PCR-B, and rpoB-PCR-D primers sets), the amplification from the rpoB gene was unsuccessful for the 134 both genotypes of M. haemocanis/M. haemofelis-like raccoon hemoplasmas and amplification from the gyrB gene was only 135 We used sequences of the 16S rRNA genes to determine the phylogenetic relatedness of the hemoplasmas (genotypes) 150 detected in raccoons with those of other known hemotropic Mycoplasma species available in GenBank ( Figure 1 ). No 151 chimeras were detected from all 16S rRNA gene sequences generated in this study. The dendrogram in Figure 1 shows the 152 inferred phylogenetic position of the hemoplasma sequences identified in raccoons among known hemotropic Mycoplasma 153 species. The interspecies similarity of the 16S rRNA genes among the species in the phylogenetic tree was also assessed 154 (Table S2 ). The 16S rRNA-based phylogenetic analysis and the interspecies similarity data showed that the raccoon 155 hemoplasma genotypes were phylogenetically related to known hemoplasma species, i.e. Figure 1) . However, based on the low levels (i.e. ≤97%) of sequence identity (36, 46) for five of the six raccoon 159 hemoplasma genotypes (genotypes 2-6), we believe these five genotypes represent novel hemoplasma genotypes or 160 putatively new hemoplasma species (see Figure 1 and Table 1 ) not yet described in other animal species. 161
M. haemocanis/M. haemofelis
The presence of regions of the low interspecies sequence similarity in the 16S rRNA genes among these five novel 162 raccoon hemoplasma genotypes (genotypes 2-6) and the 16S rRNA genes of other hemoplasmas available in GenBank 163 allowed us to design of the species-specific PCR primers (Figures S3-S7 show detailed sequence comparisons) that can be 164 used for qualitative detection of each hemoplasma genotype. In the current study, we used these species-specific 16S 165 rRNA primers to demonstrate selective amplification of each hemoplasma genotype in raccoon samples that were 166 coinfected with different hemoplasma genotypes. No cross-amplification between raccoon hemoplasma genotypes, false-167 positive, or false-negative amplifications were observed for these species-specific primers when used in PCR assays on 168
Page 9 of 26 cats from St. Simons. Overall, infection rates with hemoplasma were 44.4% (95% CI; 28.3, 61.7, n=36) in female raccoons 175 and 72.9% (95% CI; 59.5, 83.3, n=59) in male raccoons. 176
In univariate analyses, habitat and sex were significantly associated with hemoplasma infection in raccoons (habitat 177 type: X 2 =16.9, df=1, p=0.00004; sex: X 2 =6.52, df=1, p=0.01); hemoplasma infection prevalence was greater in male 178 raccoons and on the undisturbed island. We also found a significant association between hemoplasma infection and body 179 mass (Mann-Whitney U test, W=732, p=0.01), although habitat type and body mass were not correlated (Mann-Whitney U 180 test, W=927.5, p=0.27). We found no significant association between host species (raccoon or feral cat) and hemoplasma 181 infection on the urbanized island (X 2 =2.89, df=1, p=0.09). The best-fit GLM associated with raccoon hemoplasma infection 182 included weight, habitat, and the interaction between weight and habitat (Table S3 ). When the weight*urbanized habitat 183 interaction was accounted for, the urbanized habitat was less likely to be associated with hemoplasma infection (OR=-0.34, 184 p=0.02) than the undisturbed habitat. Specifically, heavier raccoons had a greater odds of hemoplasma infection on the 185 undisturbed island (OR=1.3) but had a lower odds of infection on the urban island (OR=0.21) ( Figure S1 ). 186
Coinfection of raccoons with multiple hemoplasma genotypes was observed at both sampling sites: undisturbed 187 habitat coinfection prevalence was 87% (40/46) and in the urban habitat was 53.8% (7/13). Raccoons from the undisturbed 188 habitat had a significantly higher number of individuals coinfected with more than one hemoplasma genotype (Χ 2 =52.989, 189 df=1, p<0.00001). The single infection to co-infection ratio for the urban habitat was 1/1.2 and was 1/5.7 for the undisturbed 190 habitat. Hemoplasma genotype richness and infection patterns in raccoons are shown in The mean number of hemoplasma genotypes identified per infected raccoon was 1.85 (range 1-4) on the urbanized 196 island and 2.93 (range 1-6) on the undisturbed island. There was a slight positive but non-significant correlation between 197 hemoplasma genotype richness and individual raccoon body weight (Spearman rank correlation, rho=0.25, p=0.06). 198
Although raccoons at both sites had co-infections ranging from 2-4 hemoplasma genotypes, co-infection with 5-6 genotypes 199 on November 9, 2017 by guest http://aem.asm.org/
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Page 10 of 26 was only seen in raccoons from the undisturbed site ( Figure S2 ). We also observed variable composition of hemoplasma 200 genotypes among raccoons; coinfections with two to three hemoplasma genotypes were relatively evenly distributed. An 201 association plot (Figure 2 ) showed positive associations for coinfection for raccoon hemoplasma genotypes 2 and 3, 2 and 4, 202 2 and 5, and 3 and 4. Negative associations of co-infection were seen between genotypes 2 and 6, as well as "Candidatus" as they are incompletely yet described prokaryotes (36, 46, 47) . Hemoplasmas infect different hosts and are 211 able attach to, and sometimes intracellularly invade, their erythrocytes (7, 10, 19). Hemoplasmas have not been cultured in 212 vitro, and detection of hemotropic mycoplasmas using Romanowsky-Giemsa and/or acridine orange stained blood smears 213 in combination with the PCR amplification of target hemoplasma genes is common laboratory practice for detection of these 214 infections in animals and humans (7, 10, 13, 14, (48) (49) (50) . However, the examination of stained blood films for hemoplasmas 215
(not performed in our study) has low sensitivity and specificity, and the absence of hemoplasma-like bodies on blood film 216 often does not correlate with PCR results. Hemoplasma concentrations in the blood of animals may also fluctuate during the 217 course of a hemoplasma infection, and the low concentrations may not be detected by microscopy (51), especially in 218 immunocompetent, chronically hemoplasma-infected animals. Therefore, microscopic blood film evaluation is occasionally 219 omitted in multiple published studies on the investigation of hemoplasma infections in domestic or wild animals (20, 21, 52) . 220
The reported prevalence of hemoplasma infected animals in a variety of species ranges from 0.5 to 56.7% (13, 18, 20, 31, 221 50) . In this study, the PCR screening using the HBT-F and HBT-R primers revealed that 62.1% of raccoons were 222 hemoplasma infected. The use of these published universal primers allowed us to successfully identify hemoplasma-223 positive animals, however, the direct sequencing (i.e., without cloning into a plasmid vector prior to the sequencing) of PCR 224 on November 9, 2017 by guest http://aem.asm.org/ products from animals coinfected with different mycoplasma genotypes was complicated or impossible due to the presence 225 of the mixed PCR amplicons generated by these universal primers. The primers amplify the partial 16S rRNA of 595-620 bp 226 in size, and the difference in 25 nt was indistinguishable on electrophoresis in 1% agarose gel. Thus, if the primers amplified 227 the 16S fragment from animals coinfected with different mycoplasma genotypes, it was impossible to discriminate them on 228 gel and to obtain a clear sequence of them using the same HBT-F/R primers. To amplify all hemoplasmas (genotypes) we 229 designed and used new primers that allowed us to amplify all genotypes separately and produce clear sequences from 230 direct DNA sequencing of PCR amplicons. The new primers were able to amplify full-length 16S rRNA gene sequences of 231 these hemoplasmas in raccoons in compliance with the recommendation of the Subcommittee on the taxonomy of 232
Mollicutes that in 2012 agreed to require the full-length 16S rRNA gene sequences in papers describing new hemoplasmas 233 (45). The use of full-length 16S rRNA gene sequences for further phylogenetic analysis may be especially necessary to 234 distinguish between closely-related bacterial species, and thus the sequencing of the full-length 16S rRNA gene is desirable 235
and usually required when describing new species (53-55). 236
After the full-length 16S rRNA sequences for raccoons' hemoplasmas were determined, HBT-F/R primers were 237 retrospectively analyzed for their matching to the hemoplasma sequences (against all 6 detected genotypes). The reverse 238 primer (HBT-R) matched all genotypes with 100% identity. The forward primer (HBT-F) matched genotypes 1, 5, and 6 with 239 100% identity; however, one mismatch was present in this region for all sequences of genotype 3 [HBT-F primer sequence: 240 ataCggcccatattcctacg versus the sequence of genotype 3: ataTggcccatattcctacg]. Two mismatches were present in this 241 region for all sequences of genotype 4 [HBT-F: ataCggcccatatTcctacg versus the sequence in genotype 4: 242 ataTggcccatatCcctacg]. Despite the presence of these mismatches between the forward primer and the 16S rRNA 243 sequences of genotypes 3 and 4, we did not observe any negative impact on the results of our qualitative PCR with these 244 universal primers. However, for future studies of hemoplasma infections in raccoons using HBT-F/R primers, we 245 recommend to introducing an ambiguous base (Y = C/T) at position 4 and 14 of HBT-F, which may improve a sensitivity and 246 yield of amplification of target hemoplasmas, especially at low DNA concentrations in tested samples. 247
New primers for amplification of the full-length 16S rRNA genes allowed us to detect six hemoplasmas (genotypes) 248 in raccoons with partial identity to the 16S rRNA gene sequences of known hemoplasma species. Based on low levels (i.e. 249 on November 9, 2017 by guest http://aem.asm.org/ Page 12 of 26 ≤97%) of sequence similarity of these hemoplasma genotypes to other described hemoplasmas and the mammalian host in 250 which these genotypes were detected, we believe that five of these six genotypes represent novel hemoplasma genotypes 251 or putatively novel hemoplasma species not yet described in other animal species. 252
Except for two raccoon hemoplasma genotypes 1 and 5 (M. haemocanis/M. haemofelis-like), which had 96-97% 253 nucleotide sequence identity with each other in their 16S rRNA genes, the other genotypes 2-4, 6 demonstrated genetic 254 similarity of ≤86-96% among these genotypes and to other known hemoplasma species. Phylogenetic studies of the 16S rRNA gene of closely related Mycoplasma species propose to use the arbitrary 266 interspecies sequence similarity value of ≤97% as a minimum level indicating a separate, genetically distant, species (36, 267 46, 56) . Data based on the expanded analysis of the 16S rRNA gene sequences of the species within the family 268
Mycoplasmataceae generally support this proposition (36). Nevertheless, at least 20 pairs of closely related, well-269 established Mycoplasma species with 16S rRNA gene similarity greater than 97% demonstrated serological, genetic, and 270 ecological features that defined them as individual species, despite the high percentage similarity of their 16S rRNA genes 271 (for details see (36)). Thus, the 16S rRNA sequence identity of any new isolate of ≥98-99% may not be a clear indication 272 that the Mycoplasma species is the same or different. Similar examples exist and are well-known for some other closely 273 related species with identical or nearly identical 16S rRNA sequences (57), e.g. Bacillus and Listeria species (58, 59) . Although about 62.1% of the raccoons in thus study were infected with hemoplasmas, they appeared normal upon 275 physical examination. The pathogenicity of the detected hemoplasmas for the raccoons is unknown and should be 276 investigated in the future. From a taxonomic point of view, similar to cases of Eperythrozoon teganodes in cattle (45) and 277
Haemobartonella sp. in horses (49), the genetic relationship between the previously studied hemoplasma-like species 278
Haemobartonella procyoni in raccoons of Maryland (27) and the hemoplasmas detected in raccoons this study is unknown, 279 because there is no known H. procyoni genetic material in any national or international collection of microorganisms. 280
The three species of hemoplasma identified in feral cats on St. Simons Island have been previously detected in 281 blood samples from cats throughout the world, and the overall proportion of infected cats (17.9%) was within the reported 282 prevalence in cats seen worldwide (16, (60) (61) (62) (63) (64) (65) (66) . The most common hemoplasma species found in cats in our study, 283
Candidatus M. haemominutum, also appears to be the most common hemoplasma species in cats across many different 284 studies (65, 66). Our study detected no evidence of cross-species hemoplasma transmission between feral cats and 285 raccoons, despite the close proximity of feral cats and raccoons on St. Simons Island. 286
Interactions between pathogen prevalence, diversity, and anthropogenic disturbance, such as urbanization, can be 287 positive, negative, or neutral, depending on the type of environmental change and how it affects abundance, density, and/or 288 contact within and between host species, other co-infecting pathogens, and environmental influences on host immunity and 289 pathogen susceptibility (67-69). The proportion of hemoplasma-infected raccoons was greater on the undisturbed than the 290 urbanized island, and the proportion of hemoplasma-infected raccoons in both locations was higher than in urban cats. If 291 hemoplasma transmission is density-dependent, an increase in hemoplasma infection in urbanized habitats is expected (70, 292 71). We did not see evidence of this, because trapping success on the urban island (0.41 animals/trap night) was higher 293 than on the protected island (0.24 animals/trap night). However, we did not perform mark-recapture studies for density 294 estimation. Regardless, in urbanized areas, raccoons may be more likely to enter traps due to greater habituation and 295 differing food preferences. Alternatively, hemoplasma transmission may be frequency dependent, due to bites, scratches, 296 licking (65), and potential vector-borne (flea/tick) transmission. Assuming that hemoplasma infection can be vector-borne in 297 wild raccoons, as has been found in cats (10, 61), habitat related differences in microclimate could influence hemoplasma 298 transmission. The prevalence of tick-borne diseases and tick infestation rates in host species is often higher in natural 299 on November 9, 2017 by guest http://aem.asm.org/
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Page 14 of 26 habitats than in urban environments (72, 73), related to insufficient host diversity to maintain complex tick life cycles in 300 urbanized areas (74) . 301
The best-fit GLM showed a positive relationship between heavier animals and hemoplasma infection in undisturbed 302 habitats, whereas heavier animals in urban habitats had lower odds of infection. Although associations between sex and 303 hemoplasma infection were male-biased and marginally significant in univariate analyses, sex was not a significant predictor 304 of hemoplasma infection in our best fit GLMs. The positive association between body weight and hemoplasma infection in 305 undisturbed habitat could be related to host age; although we did not determine the age of captured raccoons, larger 306 individuals were likely to be older and may have had increased exposure to ectoparasites (if arthropod-borne transmission 307 is a dominant mode of transmission) or higher ectoparasite infestation. The observation of a positive relationship between 308 weight and hemoplasma positivity in the undisturbed environment could suggest that heavier animals may have greater 309 contact with other infected animals or vectors. For the opposite result in urban habitat, supplemental feeding (garbage and 310 deliberate feral animal feeding by residents) on St. Simons Island could have led to higher tolerance by raccoons toward 311 conspecific animals which may reduce aggressive (75) behavior, reducing the likelihood of fighting and hemoplasma 312 transmission through infected blood or saliva. Higher food availability or quality in urban habitats (if raccoons were being fed 313 nutritionally rich supplements such as cat food) could allow heavier raccoons to mount a more successful immune defense 314 against hemoplasma (76). Additional routes of transmission for hemoplasmas, such as transplacental and transmammary 315 transmission (48), may also influence differences in hemoplasma prevalence, particularly if one population has a different 316 population age structure. 317
Differences in population management of raccoons between islands may influence the prevalence of hemoplasma 318 infection. Although there are no published data available on the relative population densities of raccoons on these two 319 islands, raccoons are routinely culled on St. Catherines Island to protect damage to sea turtle nests. Culling may 320 inadvertently increase transmission of pathogens with frequency dependent transmission in part by increasing the birth rate, 321 leading to an increase in susceptible individuals in a population (77). However, further study is required to thoroughly 322 understand the epidemiology and mode of hemotropic mycoplasmas in raccoons in order to pinpoint the causes for 323 differences in infection rates between undisturbed and disturbed habitats. Coinfection with multiple hemoplasmas has been described in humans (16), domestic animals (60, 78, 79), and 325 wildlife (52). However, it remains unknown why patterns of hemoplasma coinfection vary among raccoons and habitats. For 326 instance, negative co-occurrence of some hemoplasmas ( Figure S2 ) may be due to cross-immunity, ecological interference, 327 or differing contact networks (80) between raccoons in different habitat types. One possible explanation for our results is 328 that the protected island offers a greater opportunity for within and cross-species hemoplasma transmission due to contacts 329 with a more diverse host community. 330
Horizontal transmission of hemotropic mycoplasmas in species other than raccoons has been hypothesized to be 331 potentially associated with blood-feeding arthropod vectors as well as direct transmission via infected blood (e.g., 332
aggressive interactions and injuries related to animal-to-animal contact, and contact with blood) (10, 81-83). All these 333 transmission routes may account for the widespread occurrence of hemoplasmas in the studied raccoon populations and 334 require additional investigation. 335
To conclude, this study identified novel hemoplasma genotypes in raccoons and provided new molecular tools to 336 detect these species. We identified six hemoplasma genotypes in raccoons that were phylogenetically related to 337 hemoplasma species previously reported in other mammalian hosts (see Figure 1) . Five of these six hemoplasmas are 338 appear to be novel hemoplasma genotypes (i.e., never previously reported or deposited in GenBank). Future studies should 339 (i) explore the probability of cross-species transmission with additional samples from various sympatric host species and (ii) 340 evaluate the pathogenicity of hemoplasmas in raccoons, particularly using hematological and immunological assays. The 341 potential mechanism of intra-and interspecies transmission of hemoplasmas, and the drivers of its species composition in 342 sympatric host species remain to be elucidated. 343
344
Conclusion: This study provides information about novel hemoplasmas in raccoons (Procyon lotor), which can be used for 345 the assessment of the prevalence of these hemoplasmas in raccoon populations. Raccoons from the undisturbed habitat 346 had higher hemoplasma infection rates than raccoons in a rural habitat. There does not appear to be cross-species 347 transmission of hemotropic mycoplasmas between urban raccoons and feral cats. 348
MATERIALS AND METHODS 351

Field Sites and Study Populations 352
Raccoons were live-trapped on two Georgia coast barrier islands, St. Simons Island (31°9′40″N 81°23′13W) and St. The primary screening for the presence of hemoplasmas was performed by PCR using previously published HBT-F 381 and HBT-R universal primers for amplification of the partial 16S rRNA hemoplasma genes (31). These primers amplify the 382 16S rRNA gene region from positions 313-332 to positions 889-908 based on the 16S rRNA gene reference sequence of 383 M. haemofelis (AF178677) (31, 32). Based on our in silico PCR analysis (32) of these universal primers against the different 384 mycoplasmal 16S rRNA gene sequences available in the GenBank database, it was demonstrated that depending on the 385 target Mycoplasma spp., these primers produce PCR fragments with size of 595-620 bp. In addition, these universal primers 386
were successfully used for amplification of the partial 16S rRNA hemoplasma genes in a few published studies (33) (34) (35) . 387 A second aliquot of whole blood from each of the hemoplasma positive samples was used to isolate additional DNA 388 for amplification of the full-length 16S rRNA gene, the RNA polymerase beta subunit gene (rpoB), and the DNA gyrase 389 subunit B gene (gyrB) using PCR primers designed in this study (Table S1 ). Eight primer pairs were designed to amplify the 390 full-length 16S rRNA genes, three primer sets were designed to amplify part of rpoB, and one primer set was designed to 391 amplify part of gyrB based on sequences of other known hemoplasma species available at GenBank (Table S1 , 16S-PCR-1 392
through 16S-PCR-8, and PCR-A through PCR-D). 393
The 16S rRNA amplicons produced were directly sequenced (with and without cloning into a plasmid vector) by 394 Macrogen (https://www.macrogenusa.com), and the rpoB and the gyrB amplicons were sequenced directly without cloning. 395
Prior to sequencing, PCR amplicons were purified by electrophoresis through 1.5% agarose gels and extracted with the 396 QIAquick Gel Extraction kit (Qiagen). Amplicons were sequenced with the same primers used for PCR amplification and 397 then with internal (walking) primers when needed. Cloned amplicons were produced as described elsewhere (36) When the full-length 16S rRNA gene sequences of the hemoplasma genotypes of raccoons were determined, 400 species-specific 16S rRNA primers to selectively amplify each hemoplasma genotype identified in raccoons were designed 401 (see Table S1 ; 16S-PCR-9 through 16S-PCR-13). We used these species-specific 16S rRNA primers to selectively identify 402 each hemoplasma genotype in blood samples from raccoons coinfected with different hemoplasma genotypes. The 403 selectivity of these primers for each hemoplasma genotype was demonstrated by gel electrophoresis (i.e., the presence of a 404 single amplicon band) and direct sequencing of amplicons. 405
The amplification mixture for all PCRs (for direct sequencing without cloning) contained 5 µl of 10 X HotStarTaq 406 All PCR reactions in this study were conducted under the following conditions: a polymerase activation step at 94°C 415 for 5 min (or 15 min for HotStarTaq only) then 40 cycles of 95°C for 30s, 60°C for 60s and 72°C for 60s, and a final 416 extension at 72°C for 10 min. PCR products were detected by electrophoresis through 1% TAE-agarose gels containing 417 ethidium bromide concentrations followed by UV visualization. 418
419
Nucleotide Sequence Accession Numbers 420
All DNA sequences from this study were deposited in GenBank under the accession numbers KF743704-KF743751, 421 
